The coronavirus nucleocapsid (N) protein plays an essential role in virion assembly via interactions with the large, positive-strand RNA viral genome and the carboxy-terminal endodomain of the membrane protein (M). To learn about the functions of N protein domains in the coronavirus mouse hepatitis virus (MHV), we replaced the MHV N gene with its counterpart from the closely related bovine coronavirus (BCoV). The resulting viral mutant was severely defective, even though individual domains of the N protein responsible for N-RNA, N-M, or N-N interactions were completely interchangeable between BCoV and MHV. The lesion in the BCoV N substitution mutant could be compensated for by reverting mutations in the central, serine-and arginine-rich (SR) domain of the N protein. Surprisingly, a second class of reverting mutations were mapped to the amino terminus of a replicase subunit, nonstructural protein 3 (nsp3). A similarly defective MHV N mutant bearing an insertion of the SR region from the severe acute respiratory syndrome coronavirus N protein was rescued by the same two classes of reverting mutations. Our genetic results were corroborated by the demonstration that the expressed amino-terminal segment of nsp3 bound selectively to N protein from infected cells, and this interaction was RNA independent. Moreover, we found a direct correlation between the N-nsp3 interaction and the ability of N protein to stimulate the infectivity of transfected MHV genomic RNA (gRNA). Our results suggest a role for this previously unknown N-nsp3 interaction in the localization of genomic RNA to the replicase complex at an early stage of infection.
For positive-strand RNA viruses, genomic RNA (gRNA) functions both as a message for translation and as a template for the viral RNA-dependent RNA polymerase. As part of their infectious cycle, these viruses often extensively remodel host cellular membranous compartments to facilitate replication and transcription of gRNA. These expropriated membranes are thought to provide surfaces for the concentration of enzymatic and substrate components of RNA synthesis, to furnish general protection from cellular ribonucleases, and to allow evasion of host innate immunity through the sequestration of double-stranded viral RNA intermediates. Among all known RNA viruses, coronaviruses have the largest genomes, ranging from 27 to 32 kb, and the most complex machinery for RNA synthesis (21, 35, 74) . The coronavirus replicase-transcriptase complex (here called the replicase) is assembled from 16 nonstructural proteins (nsp), which collectively total some 803 kDa for mouse hepatitis virus (MHV). The nsp are autoproteolytically processed from two overlapping polyprotein precursors, which are produced by translation of gRNA. Almost all of the replicase components are associated with or embedded in convoluted membranes and double-membrane vesicles that are generated during coronavirus infection (29) .
In addition to the replicase, the nucleocapsid protein (N) is known to play an important role in coronavirus RNA synthesis, although that role is, as yet, poorly defined (1, 51, 60, 76) . Multiple investigations have shown intracellular colocalization of N with replicase components at early stages of infection by MHV or by severe acute respiratory syndrome coronavirus (SARS-CoV) (14, 55, 58, 61) . The participation of N protein in an early event in RNA synthesis is also implied by the poor adherence of coronaviruses to the nearly universal rule that the gRNA of positive-strand RNA viruses is completely infectious when introduced into susceptible host cells. Some time ago, we noted that the infectivity of purified MHV gRNA was markedly enhanced by cotransfection of synthetic N mRNA (36) ; this phenomenon was rediscovered when full-length reversegenetic systems were devised for coronaviruses. For systems that are launched by transfection of gRNA, the provision of cotransfected N mRNA or N-encoding plasmid either is greatly stimulatory (10, (69) (70) (71) or is absolutely required (6) for the recovery of infectious virus.
In the present study, we analyzed the consequences of replacing the MHV N open reading frame (ORF) with its counterpart from the closely related bovine coronavirus (BCoV). This substitution resulted in the discovery of a previously unsuspected genetic interaction between the serine-and argininerich (SR) region of the N protein and a region of the nsp3 subunit of the viral replicase. We confirmed this interaction through biochemical pulldown experiments. Moreover, we found that there is a correlation between the N-nsp3 interaction and the ability of N protein to stimulate the infectivity of MHV gRNA. Our results offer an explanation for the requirement for N protein in the early events of coronavirus infection. genome were sequenced at least once on each strand. The extreme 3Ј end of the genome was confirmed through TA cloning and sequencing of RT-PCR products running from the 3Ј UTR through the poly(A) tail. The extreme 5Ј-end genomic sequence was obtained by rapid amplification of cDNA ends (RACE) (5Ј RACE system; Invitrogen), followed by TA cloning and sequencing. For reconstruction of the S202L and S205P revertants, the XbaI-NsiI fragment of either pB60SL or pB60SP (see below) was used to replace the corresponding fragment of transcription vector pMH54-BCVN.
Pulldown assay. The region encoding the amino-terminal segment of nsp3 (amino acids 1 to 273) was cloned as a glutathione S-transferase (GST) fusion protein gene in pGEX6P (Pharmacia). GST-nsp3 and GST were expressed in Escherichia coli Rosetta pLysS cells (Novagen), following induction with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) at 20°C for 18 h. Bacteria were harvested, resuspended in TBS buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl) containing 5 mM dithiothreitol (DTT) and protease inhibitors (0.7 g/ml pepstatin, 1.0 g/ml leupeptin, 1.0 g/ml aprotinin, and 0.5 mg/ml Pefabloc SC [Roche]), and lysed by sonication on ice. Bacterial lysates were clarified by centrifugation.
For preparation of control or infected cell lysates, nearly confluent monolayers of 17Cl1 cells were mock infected or infected with wild-type MHV (Alb240) at a multiplicity of 2 PFU per cell. At 8 h postinfection, monolayers were washed twice with TBS and then lysed by addition of 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1.0% NP-40, and protease inhibitors. Lysates were held for 35 min on ice and were then clarified by centrifugation. Supernatants were aliquoted and stored at Ϫ80°C until used. RNase A treatment was carried out by incubation of 400 l of lysate with 2.5 U RNase A (Boehringer Mannheim) for 30 min at 37°C immediately prior to the pulldown assay; precipitate that formed during treatment was removed by brief centrifugation at 4°C.
Pulldown assays were performed using components of the ProFound GST interaction kit (Pierce). Glutathione affinity resin was incubated with GST-nsp3 or GST bacterial lysates (or a buffer control) for 18 h at 4°C, with gentle end-over-end rotation. Bound resin was washed five times with TBS containing 5 mM DTT at 4°C, and 100-l aliquots of a 50% slurry of bound resin were distributed to spin columns. Samples (400 l) of untreated or RNase A-treated control or infected cell lysates were added to columns and incubated for 3 h at 4°C, with gentle end-over-end rotation. Columns were washed five times with TBS containing 5 mM DTT at 4°C. We found the inclusion of DTT in wash buffer to be critical for reducing nonspecific binding of N protein to glutathione affinity resin. Bound protein was eluted with 200 l of 10 mM glutathione in TBS. Aliquots of eluted proteins were then analyzed by SDS-PAGE through 12% polyacrylamide gels, with prestained protein standards (Invitrogen) in flanking lanes, followed by Coomassie blue staining (GelCode Blue; Pierce) or Western blotting. For Western blot analysis, proteins were transferred to polyvinylidene difluoride membranes, and blots were then probed with anti-N protein mouse monoclonal J.3.3 antibody (provided by John Fleming, University of Wisconsin, Madison, WI), anti-N polyclonal rabbit antiserum (26) , or anti-GST polyclonal goat antiserum (Amersham). Bound primary antibodies were visualized with a chemiluminescence detection system (ECL; Pierce).
Cotransfection assay. Wild-type MHV gRNA was isolated, via phenol-chloroform extraction and ethanol precipitation, from virions that had been purified by two cycles of equilibrium centrifugation on preformed glycerol-tartrate gradients, as described in detail previously (68) . N mRNAs were transcribed from pCK70 or derivatives thereof; pCK70 is a template for an exact copy of wild-type MHV subgenomic RNA7 (30, 36) . The N ORF of pCK70 was knocked out by PCR mutagenesis, producing vector pCK70KO, which contained the stop codons TAA and TGA replacing codons 9 and 12, respectively; a coding-silent XbaI site was also generated at codons 15 and 16 of the N ORF in pCK70KO. Vector pB60 was derived from pB11 (43) by replacement of its MfeI-HindIII fragment, running from the end of the 3Ј UTR through the poly(A) tract, with the corresponding fragment from pCK70. As a result, pB60 is a template for an exact copy of wild-type BCoV N mRNA, except that it contains the 5Ј leader segment from MHV N mRNA. Vectors pB60SL and pB60SP, derivatives of pB60 containing the point mutations S202L and S205P, respectively, were constructed through replacement of the Bsu36I-SpeI fragment of pB60 (encompassing the middle third of the N ORF) with Bsu36I-SpeI fragments obtained from RT-PCR products from viral RNAs of the corresponding revertants of the BCoV N mutant.
MHV gRNA and capped synthetic N mRNAs were cotransfected into L2 cells that had been suspended by mild trypsinization, using 2 mg/ml DEAE-dextran (Pharmacia) in IRA buffer (38) . After 2 h of incubation at 37°C, cells were seeded into 20-cm 2 dishes. Following 8 h of attachment, medium was removed, agar overlays were applied, and incubation was continued at 37°C. Plaques were counted at 72 h posttransfection. To verify the integrity of synthetic transcripts, 
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Functional equivalence of N3 domains among N proteins of group 2a coronaviruses. The MHV N protein comprises multiple domains ( Fig. 1A ) that have been defined through our previous genetic studies (27, 30, 32) and through extensive structural studies by others (see reference 26 and references therein). The structured domains, N1b (corresponding to the N-terminal domain [NTD]) and N2b (corresponding to the C-terminal domain [CTD]), fold independently and possess RNA-binding activity. These are bounded by the amino-terminal domain N1a, the centrally located domain N2a, and the carboxy-terminal spacer B and domain N3. Within domain N2a is the SR region, a serine-and arginine-rich tract, which we previously noted to resemble the SR domains of splicing factors (43) . In an early study of the N protein, we sought to determine which segments of the MHV N protein could be functionally replaced by the corresponding segments of the N protein of BCoV, a closely related group 2a coronavirus (43). (26); our domains N1b and N2b correspond to the RNA-binding NTD and CTD, respectively, defined by others (7, 23) . The SR region is denoted within domain N2a. The number line indicates amino acid residues. Beneath is a summary of viable recombinants containing portions of the BCoV N protein (dark shaded areas) substituted for the corresponding regions of the MHV N protein. Recombinants Alb85 to Alb112 were reported previously (43) ; recombinant N-BN3 is from the current work. (B) Plaques of mutants containing substitutions of N protein spacer B and domain N3 from BCoV (mutant N-BN3) or from HCoV-HKU1 (mutant N-HKN3), compared with wild-type (wt) plaques. The wild-type MHV used throughout this study was Alb240, a well-characterized isogenic recombinant that was previously reconstructed from fMHV and wild-type donor RNA (33) . Plaque titrations were carried out on L2 cells at 37°C. Monolayers were stained with neutral red at 96 h postinfection and photographed 18 h later. (C) Amino acid sequence alignment of the carboxy termini of the N proteins of MHV, BCoV, and HCoV-HKU1; the corresponding (unaligned) region of the divergent SARS-CoV N protein is shown for comparison. The residue numbers are for the MHV N sequence; shading denotes residues that are common to the first three proteins. Arrows mark two aspartate residues that are critical for the interaction between the MHV N and M proteins (27, 62) . The GenBank accession numbers for the sequences shown are as follows: for MHV-A59, AY700211; for BCoV strain Mebus, U00735; for HCoV-HKU1 genotype A, AY597011; and for SARS-CoV strain Urbani, AY278741.
In that analysis, wild-type-like MHV recombinants bearing allowable BCoV N substitutions were selected via targeted RNA recombination between various donor RNAs and a temperature-sensitive MHV N mutant (30) . The resulting collection of chimeric MHV-BCoV N proteins, a subset of which are shown in Fig. 1A , revealed that most portions of the N protein were interchangeable between the two species, with the possible exceptions of the amino terminus, the SR region, and the carboxyterminal domain N3. However, the donor RNA that had been constructed to introduce BCoV N domain N3 into the MHV genome also contained a juxtaposition of BCoV and MHV elements in its 3Ј UTR that we subsequently found to be lethal (25) .
We now, therefore, reexamined the exchangeability of domain N3, this time using donor RNAs that left the MHV 3Ј UTR intact and exactly replaced the coding region for domain N3 of the MHV N protein, as well as the upstream adjacent spacer B, with the homologous sequences from the BCoV N gene. Parallel constructs that contained spacer B and domain N3 from either another group 2a coronavirus, human coronavirus HKU1 (HCoV-HKU1) (64), or else the much more divergent group 2b coronavirus, SARS-CoV (56), were also made. To isolate the corresponding MHV mutants (and all other mutants discussed in the present work), we carried out recombination between donor RNAs and the feline-murine interspecies coronavirus fMHV (31) . This reverse-genetic approach takes advantage of the powerful selection afforded by the reacquisition, by MHV recombinants, of the ability to grow in murine cells (20, 37) . Recombinants containing substitutions of spacer B and domain N3 either from BCoV (mutant N-BN3) or from HCoV-HKU1 (mutant N-HKN3) were readily obtained, and we found them to be essentially phenotypically indistinguishable from the wild type ( Fig. 1B ). However, in multiple attempts, we were unable to isolate a mutant containing spacer B and domain N3 of the SARS-CoV N protein.
The N3 domain participates in homotypic interactions between N protein monomers (26) . Additionally, N3 is responsible for the interaction of the N protein with the carboxyterminal tail of the membrane protein (M) (27, 32, 62) . In the latter context, it is noteworthy that neither the N-BN3 nor the N-HKN3 substitution mutant harbored any extra mutations in the cytoplasmic tail of the (MHV) M protein. The sequences of the N3 domains of BCoV and HCoV-HKU1, although substantially different from that for MHV, retain two conserved acidic residues (Fig. 1C , arrows) that have been shown to be essential for the interaction between the MHV N and M proteins (27, 62) . In contrast, the SARS-CoV domain N3 sequence has diverged too far to be aligned with those of the group 2a coronaviruses (Fig. 1C) , and it apparently cannot be functionally substituted for MHV domain N3.
The distinction between allowed and apparently unallowed N protein substitutions summarized in Fig. 1A presented a paradox, because the known interacting partners of the N protein are the M protein, viral RNA, and the N protein itself. The above-mentioned results indicated that associations with the M protein are equivalent in the MHV and BCoV N proteins, a conclusion that is reinforced by a previous demonstration that the cytoplasmic tails of the MHV and BCoV M proteins are, like the N3 domains, functionally interchangeable (12) . Similarly, the RNA-binding abilities of the MHV and BCoV N proteins have been shown to be indistinguishable.
The N protein of each species recognizes the highly homologous gRNA packaging signal of the other species (11) . Moreover, another putative specific RNA ligand for N protein, the transcription-regulating sequence (23, 39) , is identical in the two species. Finally, monomers of BCoV N protein ought, by definition, to interact correctly with other monomers of BCoV N protein, irrespective of whether they are in an MHV background. All of these considerations suggested that there must exist an as-yet-unknown additional critical function of N protein and, possibly, an unidentified interacting partner of N.
Substitution of the entire BCoV N gene in MHV. To more thoroughly explore the incompatibility of closely related N genes, we constructed a chimeric virus in which the entire BCoV N gene was forced to replace its MHV counterpart in an exact ORF-for-ORF substitution ( Fig. 2A ). The resulting BCoV N mutant was only minimally viable, forming plaques that were tiny in comparison to wild-type MHV (Fig. 2B ). This mutant appeared similarly defective at all temperatures tested (33, 37, and 39°C), but it was more stable at 33°C, suggesting that higher temperatures created a greater selective pressure favoring the growth of revertants. Figure 2B shows plaques of a passage 1 stock of the initial isolate, designated Alb613, that was propagated only at 33°C. Additional independent isolates of the BCoV N mutant had an identical phenotype, but all subsequent work was carried out with Alb613.
To test whether the BCoV N protein was exerting a dominant negative effect in MHV, we constructed the BCoV N gene substitution in a genomic background that also contained a copy of the MHV N gene at an upstream site ( Fig. 2A) . The resulting MHV-BCoV N duplication mutant formed plaques that were far larger than those of the BCoV N mutant and were nearly as large as those of the wild type and those of an MHV-MHV N duplication mutant described previously ( Fig.  2B) (26, 27) . Importantly, sequence analysis of three independent MHV-BCoV N duplication mutants showed that none had acquired mutations at either of the two genomic sites at which reverting mutations for the BCoV N substitution were subsequently found. Therefore, rescue of the BCoV N mutant was entirely due to the added copy of the MHV N gene. This finding demonstrated that the BCoV N protein, when placed in an MHV background, was deficient in some critical function for viral replication that could be provided by MHV N protein.
Revertants of the BCoV N substitution mutant. Through three separate searches, we isolated a total of 14 independent revertants of the BCoV N mutant that had gained the ability to form plaques nearly as large as those of the wild type ( Fig. 3A) . Analysis of the entire (BCoV) N genes of these viruses revealed that 13 of them contained sequence changes, almost all of which mapped to the SR region of the N protein (Fig. 3B ). The most common reverting mutation was S202L, which arose six separate times (in rev1, rev4, and rev10 through rev13). Other single point mutations were found at the same position (S202T in rev9) or at nearby residues (S205P in rev6 or S206I in rev2 and rev8). One revertant, rev7, had a pair of mutations, N197K and Q235L. Finally, a deletion of 3 residues was found in rev5 and a deletion of 12 residues in rev3. Two revertants had an additional coding mutation outside the SR region: T50I in rev12 and K435E in rev8. However, we judged these additional mutations to be extraneous because, in each case, there VOL. 84, 2010 INTERACTION BETWEEN MHV N SR REGION AND nsp3 10279 were other revertants for which a single mutation at the same position in the SR region was sufficient for reversion. The tight clustering of the reverting mutations suggested that the SR region is the major, and perhaps sole, component of the incompatibility of the BCoV N gene with MHV; this outcome was consistent with our previous domain exchange observations ( Fig. 1A ) (43) . Importantly, the reverting mutations were localized to a region of N that was not clearly implicated in the known interactions of N protein with either M protein, RNA, or other molecules of N protein.
To ascertain the significance of the SR region mutations, two of them were reconstructed in the BCoV N gene. BCoV N substitution mutants containing either the S202L or the S205P mutation, all of which had large-plaque phenotypes, were recovered by targeted-RNA-recombination experiments at frequencies comparable to those of wild-type controls. Four independent recombinants of each type, examples of which are shown in Fig. 3C , were analyzed and were found to have the constructed mutation with no other changes in the BCoV N gene. These results confirmed that the S202L and S205P mutations were each able to compensate for the defect in the BCoV N mutant.
One of the revertants, rev14 (Fig. 3A) , retained a completely wild-type BCoV N gene, indicating that it harbored a compensating mutation(s) outside the N gene. Contrary to our initial expectations, the other structural protein genes of this revertant were identical to those of wild-type MHV-A59. (A point mutation in the HE pseudogene was deemed irrelevant.) Sequencing of the entire genome of rev14 revealed that its only other difference from the wild-type sequence was a pair of closely spaced point mutations in the replicase gene, producing the changes T18I and A38V in the amino-terminal region of nsp3 ( Fig. 4) . Surprisingly, when we sequenced the first onethird of the nsp3 coding regions of all of the other 13 revertants, we found that six of them also had mutations in nsp3, in addition to their above-described N protein mutations. Most of these additional nsp3 changes were point mutations (in rev2, rev5, rev7, rev9, and rev11); however, for rev3, a 21-amino-acid deletion in nsp3 mirrored the 12-amino-acid deletion in the SR region of the N protein. For the revertants other than rev14, we have not yet established the significance of the observed nsp3 mutations, separate from the mutations in the BCoV N gene. It is noteworthy that all eight independent reconstructed S202L and S205P revertants ( Fig. 3C ) had no additional mutations in the first one-third of their nsp3 coding regions; thus, particular reverting mutations in the SR region of N were sufficient for reversion. However, in some cases, there may be additive effects between N and nsp3 mutations. This is suggested by the marginally larger plaques of rev11, which has S202L in N plus E5K in nsp3, than of rev4, which has solely S202L in N (Fig. 3A) . In other cases, such as the pair of deletions in rev3, the nsp3 and N mutations may need to act in concert. With the exception of a second point mutation in rev2, all of the nsp3 mutations found in revertants of the BCoV N mutant mapped either within the amino-terminal ubiquitinlike domain (Ubl1) of nsp3 (53) or else in the adjacent acidic region (Ac) (Fig. 4) . In total, our revertant analysis provides strong evidence for a previously unsuspected interaction between the N protein and nsp3 that is crucial to coronavirus replication.
Substitution of N protein SR regions from HCoV-HKU1 or SARS-CoV. To further examine the role of the SR region, we sought to replace this domain of the MHV N protein with its counterparts from group 2 coronaviruses other than BCoV. Initially, we constructed an MHV N mutant, designated HK-SR, containing a substitution of the SR region of HCoV-HKU1 (Fig. 5A) . The HCoV-HKU1 N protein has an overall 67% amino acid sequence identity with the MHV N protein, a value comparable to the 70% identity between the BCoV and MHV N proteins. However, the homology between N protein SR regions is higher for HCoV-HKU1 and MHV than it is for BCoV and MHV (compare Fig. 5A and 3B ). We isolated two independent HK-SR recombinants, which were confirmed to contain exactly the expected sequence of the SR region substitution. Neither of these viruses displayed a significant phenotypic difference from wild-type MHV (data not shown). Additionally, each HK-SR recombinant retained an entirely wild-type sequence in the Ubl1-Ac region of nsp3, not only in the original isolate but also after six serial passages. Thus, the SR regions of HCoV-HKU1 and MHV operate equivalently, suggesting that the extended region of identity between the HCoV-HKU1 and MHV N proteins (corresponding to MHV N residues 201 through 215) is sufficient for the function furnished by the SR region. For substitution of the SR region of the SARS-CoV N protein, a more complex pattern emerged. The overall amino acid sequence identity between the SARS-CoV and MHV N proteins is less than 35%, and the two proteins are highly divergent in the SR region (Fig. 5B ). On the basis of the limited sequence identity of bounding segments, we designed a SARS-CoV SR region substitution construct, designated S-SR. However, in a total of five independent targeted-RNA-recombination trials, we were unable to isolate the corresponding viral mutant. Since these trials included controls in which wild-type donor RNAs yielded robust numbers of recombinants, our negative results can be taken to signify that the substitution in S-SR is lethal. We were, nevertheless, able to obtain two independent recombinants, each of which harbored the S-SR substitution plus a secondary change in the SR region. One of these recombinants, Alb684, contained the adaptive mutation P217H; the other, Alb685, contained S215L (Fig. 5B ). There were no additional mutations, in either Alb684 or Alb685, in the Ubl1-Ac region of nsp3. Both Alb684 and Alb685 formed plaques that were much smaller than those of the wild type although not as tiny as those of the BCoV N mutant, and both mutants grew markedly more slowly than did wild-type MHV. When we serially passaged Alb684 and Alb685, we noted increases in their growth rates by the sixth or seventh passage. Three largeplaque-forming revertants of each mutant were analyzed, and some were found to contain an additional mutation (S194F, S204Y, or T235N) in the SR region of the chimeric N protein (Fig. 5B) . Remarkably, sequencing of the first one-third of the nsp3 coding region of the revertants revealed that all of them (75) . Additionally, the dotted lines denote the positions and relative sizes of the N-terminal, middle, and C-terminal SARS-unique domains (SUD), which are found only in SARS-CoV nsp3 (56) , and a variably repeated acidic decapeptide that occurs only in HCoV-HKU1 nsp3 (64, 65) . The expanded segment shows the amino acid sequence of the amino terminus of MHV nsp3 with reverting mutations that were mapped in the nsp3 coding regions of 7 of the 14 independently isolated revertants. The bar indicates a deletion in rev3; rev2 also contains an additional point mutation, K563R, in the ADRP domain (not shown). The boxed mutations for rev14 are the only mutations occurring in the genome of that revertant; all other revertants shown also had mutations in the BCoV N protein (Fig. 3 ).
contained the mutation D113E at the Ubl1-Ac boundary in nsp3 (Fig. 5C ). This same point mutation had previously been found in rev2 of the BCoV N mutant (Fig. 4) . Thus, although the SARS-CoV SR region was not able to directly replace the corresponding segment of the MHV N protein, it could become functional through the acquisition of mutations in the SR region of N or in the amino-terminal region of nsp3. These results provided further genetic support for the existence of a critical association between the N protein and nsp3.
In vitro pulldown of N protein by the Ubl1-Ac fragment of nsp3. To seek evidence complementary to our genetic results, we carried out GST pulldown assays. Toward this end, we bacterially expressed the Ubl1-Ac region of nsp3 (amino acids 1 to 273) (Fig. 4) as a carboxy-terminal GST fusion protein.
GST-nsp3(1-273) was soluble and stable, and it exhibited a somewhat slower SDS-PAGE mobility than expected for its molecular mass (56 kDa), probably due to its high content of acidic residues (Fig. 6E and F) . GST-nsp3(1-273), as well as control GST protein, was immobilized on glutathione affinity resin spin columns and then incubated with lysates from MHVinfected cells or from uninfected controls. Analysis of bound proteins showed that N protein was strongly retained by immobilized GST-nsp3(1-273), although we could also detect a weak background of nonspecific binding of N to GST or even to glutathione affinity resin alone ( Fig. 6A and C) . Since N protein is an RNA-binding protein, and since the Ubl1 domain of SARS-CoV nsp3 has been reported to have low-affinity RNA-binding activity (53), we performed the same set of pulldown assays using MHV-infected cell lysates that had been pretreated with RNase A. Under this condition, we found a marked increase of N protein binding to GST-nsp3(1-273) ( Fig. 6B and D) . Moreover, nonspecific binding of N to GST or to resin was reduced. These results demonstrated that a highly specific in vitro interaction exists between N protein and the Ubl1-Ac region of nsp3; this interaction is likely not to be mediated by a mutual affinity of the two proteins for RNA. 
Downloaded from
Correlation of SR region function with the ability of N protein to enhance the infectivity of genomic RNA. One role for an obligatory association between N protein and nsp3 could be to localize gRNA to the replication compartment early in infection. Such a possibility suggested to us that the incompatibility that we discovered between the BCoV N protein and the MHV replicase is related to the previously observed requirement of N protein for optimal coronavirus replication (1, 6, 10, 51, 60, (69) (70) (71) 76) . To test this hypothesis, we quantitated, by a direct plaque assay, the abilities of various synthetic N mRNAs to enhance infection initiated by MHV gRNA. We found that gRNA isolated from purified MHV virions was only minimally infectious when transfected into mouse L2 cells (Fig. 7A) , consistent with our prior observations (36) . In contrast, the inclusion of cotransfected MHV N mRNA caused a Ͼ40-fold increase in PFU obtained from the same amount of MHV gRNA. However, this enhancement was not brought about by cotransfection of MHV N mRNA containing knockout mutations early in the N ORF. The knockout mutations abolished translation of the N protein (Fig. 7B) , while leaving intact the internal (I) gene, which is embedded within the N gene (17, 52) . This result demonstrated that stimulation of gRNA infectivity is dependent upon translation of N protein (but not I protein) and that stimulation is not merely due to the provision, by added mRNA, of nonspecific protection against cellular RNase activity. A similar requirement for N protein, Expressed GST or GST-nsp3(1-273) fusion proteins were bound to glutathione affinity resin spin columns, as described in Materials and Methods; (Ϫ) denotes columns with resin alone. Columns were incubated with lysates from uninfected cells or from cells infected with wild-type MHV (Alb240) that either had been left untreated (A, C, E) or else had been pretreated by incubation with RNase A (B, D, F) . Bound proteins were eluted with glutathione, and equal amounts of eluted material were analyzed using Western blots probed with anti-N (␣-N) monoclonal antibody (A, B) directed against an epitope in domain N3 (27) , anti-N polyclonal antibody (C, D), or anti-GST (␣-GST) antibody (E, F). Eluted material was also analyzed by SDS-PAGE, followed by staining with Coomassie blue (E, F). Molecular mass standards (kDa) are indicated to the left of each panel.
rather than RNA, has been shown for other coronavirus systems (1, 51) .
In marked distinction to the efficacy of wild-type MHV mRNA, cotransfected wild-type BCoV mRNA was entirely unable to boost the infectivity of MHV gRNA (Fig. 7A ). This outcome strongly suggests that MHV N protein is required for some early function in infection that cannot be provided by BCoV N protein, given that, later in infection, transfected gRNA eventually produces its own subgenomic mRNA encoding MHV N protein. To confirm the validity of this negative result, we extensively resequenced the plasmid from which synthetic BCoV mRNA was transcribed; additionally, we ascertained that BCoV mRNA was fully functional as a template for translation ( Fig. 7B) . Remarkably, high levels of enhancement of the infectivity of MHV gRNA could be restored through cotransfection of BCoV N mRNAs containing either of two single point mutations, S202L and S205P (Fig. 7A) . These identical mutations were among the reverting mutations that we earlier found to be sufficient, without additional mutations in nsp3, to rescue the BCoV N mutant phenotype (Fig.  3 and 4 ). Taken together, our results demonstrate that a direct relationship exists between the N-nsp3 interaction and the requirement for N protein for optimal gRNA replication.
DISCUSSION
In the current study, we have provided extensive genetic evidence for a previously unsuspected interaction between the SR region of the MHV N protein and a component of the viral replicase complex, nsp3. The interaction was discovered as a consequence of the incompatibility of the BCoV N protein and the MHV replicase. Placement of the BCoV N gene into the MHV genome created a severely debilitated viral mutant that could be rescued by a reverting mutation either in the SR region of the N protein or in the Ubl1-Ac region of nsp3 or by mutations in both. We additionally demonstrated that insertion of the SR region of the SARS-CoV N protein into MHV similarly resulted in a defect that could be compensated for by the same two classes of reverting mutations. Moreover, we have corroborated our genetic results by biochemical evidence showing that an expressed nsp3 Ubl1-Ac construct binds selectively to N protein from infected cells and that this in vitro interaction is apparently not mediated by RNA. Finally, we have established that a correlation exists between the N-nsp3 interaction and a long-known, but unexplained, requirement for N protein to promote optimal infectivity of coronavirus gRNA.
It has been observed in a number of studies that a fraction of N protein colocalizes with replicase components early in coronavirus infections (14, 55, 58, 61) . However, the identity of an nsp-interacting partner of N was not previously known. nsp3 is by far the largest of the replicase polyprotein products; in MHV, it constitutes some 2,005 amino acids. It comprises a perplexing concatenation of separate modules, which are arranged as globular domains joined by flexibly disordered linker segments (40) (Fig. 4) . Structures have been solved for most of the globular domains of SARS-CoV nsp3 (8, 15, 47, 48, 53, 54, 59) and, in some cases, for homologs from other coronaviruses (45, 67) . At the amino terminus of nsp3 is the above-mentioned ubiquitin-like domain, Ubl1, which is adjacent to the unstructured acidic region, Ac (53, 75) . Downstream of Ac, in MHV nsp3, is PLP1, the first of two papain-like proteinases (PLPs) (3, 5) , followed by a macrodomain (ADRP, previously called the X domain [75] ), which has poly-ADP-ribose binding activity and ADP-ribose-1Љ-phosphatase activity (15, 45, 46, 48, 67) . Next is a region whose sizes and sequences are highly variable among different coronaviruses; this region, in SARS-CoV nsp3, constitutes a "SARS-unique domain" (SUD) (56) . Part of the SUD (SUD-M) embodies a second macrodomain (8, 59) . The hypervariable region is followed by a second pa- (4, 34) , which contains a second ubiquitin-like fold (Ubl2) at its amino terminus. Further downstream is a low-affinity, nonspecific nucleic acid-binding domain (NAB) (54) and a domain that is present only in the group 2 coronaviruses (G2M) (40) . Finally, at the carboxy terminus is sited the relatively well-conserved Y domain, which contains three potential metal-binding cysteine and histidine clusters (40, 75) . Near the carboxy terminus, between G2M and Y, is a hydrophobic region containing either two or four transmembrane segments (28, 41) ; the resultant topology of nsp3, accordingly, places all of the above-described domains on the same (cytoplasmic) face of the membrane. nsp3 independently localizes to the endoplasmic reticulum during synthesis (24, 28, 41) , and it accumulates at the highest density in convoluted membranes and double-membrane vesicles that form during coronavirus infection as the sites of active RNA replication and transcription (29) . nsp3 has also been found as a minor constituent of purified virions of SARS-CoV (40) . Although speculative RNA synthesis functions for some of the nsp3 domains have been put forward, current evidence indicates that most of these domains serve accessory roles that may be important in pathogenesis (16, 18) but are likely to be dispensable for the core activities of the viral replicase. A number of considerations strongly suggest that the nsp3 coding region provided an adventitious genomic site for recombination of host material, which then evolved into luxury functions through gene duplication and divergence (8, 21, 40, 56, 59) . First, despite its huge target size, no classical temperaturesensitive lethal mutations have yet been mapped to nsp3, although multiple examples of such mutations have been found in the far smaller coding regions of nsp4, -5, -10, -12, -14, -15, and -16 (9, 19, 50, 57) . This sparsity of genetic lesions could imply that the essential portions of nsp3 are actually quite limited. Second, many of the modules of nsp3 are very poorly conserved, and some of them (NAB, G2M, and SUD) are unique to particular groups or subgroups of the coronavirus family or tolerate extensive deletion (72) . Third, ablation of the ADRP phosphatase activity of the macrodomain, while attenuating in the host, does not affect viral replication in tissue culture (16, 46) ; additionally, not all coronavirus ADRP domains are able to bind poly-ADP-ribose (45) . Finally, the specialized responsibility of the PLPs, the processing of merely the nsp1-2, nsp2-3, and nsp3-4 cleavage sites, has the appearance of an evolutionary afterthought, in contrast to the other 12 strictly conserved cleavages that are carried out by the main proteinase (nsp5). Moreover, the precise specificities and site overlaps of the PLPs have evolved independently in different coronavirus subgroups, and some coronaviruses (SARS-CoV and infectious bronchitis virus) thrive with only a single PLP (56, 74) . Strikingly, it has been shown for MHV that a severely impaired PLP1 active site mutant can be rescued if the nsp1-2 and nsp2-3 cleavage sites are also eliminated (22) .
In contrast to the apparently dispensable nature of much of nsp3, our results point to the amino-terminal segment, encompassing Ubl1 and Ac, as one region of the molecule that is critical, if not essential, for viral replication. This region is the locus for multiple independent intergenic reverting mutations of the BCoV N mutant (Fig. 4) . The dramatically defective phenotype of the BCoV N mutant leads us to conclude that some fundamental process in MHV infection is dependent upon the association of N protein with nsp3. The genetic evidence for this N-nsp3 association is bolstered by our demonstration that expressed Ubl1-Ac protein specifically binds to N protein in GST pulldown assays (Fig. 6 ). Such an interaction was not previously detected by the use of yeast or mammalian two-hybrid techniques in broad-scale analyses of SARS-CoVencoded proteins (42, 63) . Interestingly, SARS-CoV nsp3 was very recently identified among a collection of viral and cellular proteins that were selected by the SARS-CoV envelope (E) protein in a tandem affinity purification procedure, and the E-nsp3 association was more finely mapped to the Ubl1-Ac region of nsp3 (2) . The functional importance of the latter interaction is presently unclear.
Although much remains to be done to biochemically characterize the binding of N protein to nsp3, all of our genetic evidence maps this interaction to the SR region of the N molecule. The SR region of N is highly basic (Fig. 3B ), in marked contrast to the overwhelmingly acidic Ubl1-Ac segment of nsp3 ( Fig. 4) . It is therefore possible that the nature of the N-nsp3 interaction is largely electrostatic. The net basic character of the SR region is, however, likely to be modified by phosphorylation. The coronavirus N protein is a serine/threonine phosphoprotein, and MHV and SARS-CoV N proteins expressed in mammalian cells have recently been shown to harbor multiple phosphorylated residues in their SR regions (44, 66) ; phosphorylation is a characteristic feature of the much larger domains of cellular SR proteins (73) . It is noteworthy, also, that both the N protein SR region and the nsp3 Ac region are flexibly disordered linkers (7, 53) . Thus, their mutual binding may bring about a more structured conformation that influences protein and RNA interactions of the neighboring domains of each molecule.
A potential mechanistic role for the N-nsp3 interaction emerges from our comparison of the levels of competence of various N protein mRNAs to stimulate the initiation of infection by transfected gRNA (Fig. 7) . We found a direct correlation between the impaired functionality of BCoV N protein in an MHV background and that protein's failure to stimulate the infectivity of MHV gRNA. Conversely, revertants of BCoV N protein, which gained the capacity to function in MHV, also gained the ability to stimulate the infectivity of MHV gRNA. The basis of the necessity for N protein in coronavirus RNA synthesis in replicon systems has been investigated, but there is not yet agreement about whether N protein exerts a greater effect on RNA replication (51, 60) or on transcription (1, 76) . One result from prior work that is consistent with our current findings is the observation that reporter gene expression from a replicon of HCoV-229E (a group 1 coronavirus) could be partially supported by cotransfected N mRNA from another group 1 coronavirus, porcine epidemic diarrhea virus. However, N mRNA from the more phylogenetically distant virus MHV, a group 2 coronavirus, was inert in that system (51) .
During the normal course of infection, N protein is part of a helical nucleocapsid that is delivered from the virion to the cytoplasm, following receptor binding and membrane fusion events. For infections initiated by the transfection of naked gRNA, N is generally provided as cotransfected mRNA. Although the stimulatory effect of N mRNA is of practical importance for launching coronavirus reverse genetics systems that are based on full-length cDNAs (6, 10, 69-71), little work has yet been done to dissect what is required of N protein for its role at the outset of infection. Very recently, it was shown, through the use of a cotransfection assay comparable to ours, that MHV N mRNA containing the domain N1b (NTD) mutation Y127A completely fails to support wild-type MHV gRNA infectivity (23) . Since the Y127A mutation was demonstrated to severely impair RNA binding and was lethal in the whole virus, that result established that RNA-binding ability is important for the role of N protein in the initiation of infection. Our work indicates that, in order to be able to enhance the infectivity of gRNA, N protein must also be able to interact with nsp3. We propose that N is responsible for tethering gRNA to the newly translated replicase, via nsp3, as a prerequisite for the formation of an initiation complex at the 3Ј end of the genome. Because the start of negative-strand RNA synthesis is the first step of both genome replication and transcription (49, 77) , we would expect the N-nsp3 interaction to exert a major influence on both of these RNA-synthetic processes. This early function of N would not rule out additional roles that have been proposed for N protein to sustain ongoing transcription (22, 76) or translation (39) throughout the course of infection. However, the results reported here begin to elucidate a mechanism for initiation of infection that sets coronaviruses apart from almost all other positive-strand RNA viruses.
